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Abstract: The Cretaceous–Paleogene boundary clays at Højerup and Woodside 
Creek show anomalous enrichments of iridium compared with the marine 
sedimentary rocks. For the average iridium content of 465 ppb in CI chondrite 
the estimate of the carbonaceous chondritic proportions in the decarbonated 
iridium-rich boundary layers, based on the integrated iridium fluencies, is 
about 26 % at Højerup and 65 % at Woodside Creek. These proportions are 
most likely too high due to a significant Ir influx from the nearby marine or 
continental site to these sections. 
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INTRODUCTION 
In the original paper, Alvarez et al.1 first reported anomalously high Ir con-
centrations in the Cretaceous–Paleogene (KPB) boundary clays at Højerup (east-
ern Denmark, Fig. 1) and at Woodside Creek (the northern part of the South 
Island of New Zealand, Fig. 1). They proposed an impact of an extraterrestrial 
bolide to explain the elevated Ir content at the KPB. In general, Ir and other pla-
tinum-group elements (PGE: collectively the elements Ru, Rh, Pd, Os, Ir and Pt) 
are invariably enriched in the prominent KPB clays. Other trace elements (e.g., 
heavy metals) are also relatively abundant in these clays. 
Many researchers consider that the KPB impactor formed the ca. 180 km 
crater at Chicxulub (Yucatan Peninsula, Mexico). It was suggested that the im-
pactor was a carbonaceous chondrite-type body,2–6 although it is still unclear 
whether it was a carbonaceous chondrite or a comet. Indeed, comets are believed 
to be primitive bodies with a composition similar to that of carbonaceous chon-
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drites.7 The anomalous Ir associated with the prominent boundary clay is, how-
ever, consistent with the high Ir content typical of most chondritic meteorites and 
inconsistent with the general proposition of comets. Indeed, a simple calculation 
shows that in the case of ice-rich comets (>70 % ice, e.g., the Haley-Bopp co-
met), the amount of iridium produced by an impact energy for a crater of the 
Chicxulub size could be less than 0.001 % than that of an asteroid. 
    
Fig. 1. Geographic location of Stevns Klint in Denmark and Woodside Creek in New Zealand. 
In the past, many researchers used the iridium concentration and/or inte-
grated amount of iridium to estimate the proportion of chondritic component in 
the renowned boundary clays. This brief paper aims to re-examine this method 
using comprehensive Ir data from the sites at Højerup and Woodside Creek, 
which are available and were published by Schmitz.8 
RESULTS AND DISCUSSION 
Fish Clay. The lowermost Danian Fish Clay Member of the Rødvig Forma-
tion near the village of Højerup is a classic marine KPB section. The lithology of 
the Fish Clay within this boundary section characterizes four distinctive layers: 
black-to-dark marl (hereinafter BDM) with a basal red (goethite-rich) layer, 
brown-to-grey marl and at the top light-grey marl (Fig. 2). The red layer is under-
lain by (latest) Maastrichtian bryozoan-rich limestone, whereas the top marl is 
overlain by (early) Danian Cerithium limestone.8–12 Geochemical studies show 
that the Ir profile (on a whole rock basis) across the Fish Clay column is charac-
terized by a sharp maximum in the base of the BDM with an upward gradual de-
crease (tailing-off) from its maximum (e.g., Schmitz10). The BDM is considered 
to constitute the main part of the boundary section, since it probably contains 
more than 95 % of the total Ir in the Fish Clay.13 The mineralogy of the BDM is 
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comparatively simple, smectite and authigenic (mainly biogenic) calcite being 
the principal components. Geochemical evidence indicates that the BDM was de-
posited under strong anoxic conditions but the red layer under strong oxic sedi-
mentation conditions.13 
 
Fig. 2. Expanded lithological log of the Fish Clay at Højerup, based on Surlyk et al.12 
As pointed out above, the Ir enrichment of the KPB clays is generally re-
garded as indicative of the presence of a carbonaceous chondrite (CC) compo-
nent. Table I shows that carbonaceous chondrites typically contain 406.0–849.4 
ppb Ir, while, on average, marine sedimentary rocks usually contain below 1 ppb 
(Table I); hence, little addition of a CC component would be necessary to criti-
cally increase the concentration of Ir in a marine sedimentary rock. Thus, Ir is a 
very sensitive means of examining the CC contribution to marine KPB clays such 
as the Fish Clay. Some authors suggested that Ir in the Fish Clay was sourced by 
iridium from seawater. However, the average iridium concentration in the decar-
bonated BDM (100 ppb) represents an enrichment factor of about 1017 compared 
to seawater (ca. 2×10–15 ppb, Table I). Moreover, according to these authors, the 
residence time of iridium in the oceans is about 1 million years. Thus, the excess 
of Ir in the BDM, therefore, could not have been derived from a sea reservoir. 
Kyte et al.14 estimated that the extraterrestrial component in the basal 1-cm 
part of the BDM from the measured Ir concentration (47.4 ppb) is about 10.5 %, 
corrected for about 20 % carbonate content. According to Grieve,15 the chon-
drite-normalized relative abundance of Ir indicates that the Fish Clay (on a 
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whole-rock basis) contains an admixture of about 10 % chondrite. Trinquier et 
al.6 showed that the Cr isotopic signature of the BDM represents a mixing of the 
CC matter with terrestrial material in a ratio of up to 6.8 %. Recently, Osawa et 
al.16 estimated from the measured Ir concentration (29.9 ppb) that the extrater-
restrial material in the basal part of BDM was diluted 1/19 (on a whole-rock 
basis), assuming that the Ir concentration of CC is 470 ppb. Of note, an impactor 
mass fraction globally dispersed after the Chicxulub impact ranged between 221 
to 50 %.17 
TABLE I. Concentrations of Ir in carbonaceous chondrites, marine sediments and seawater 
Specimen  Ir content, ppb 
Carbonaceous chondrites  Maximum  849.4a 
Minimum 406.0a 
Marine sediments  <1b 
Seawater 2×10-15c 
aWalker29; bAnbar et al.30; cGoldberg et al.31 
Schmitz8 reported instrumental neutron activation analysis (INAA) data for 
Ir in the carbonate-free fraction across the Fish Clay (Fig. 3a) as this metal is 
Fig. 3. a) Concentration profiles of Ir (on a 
carbonate-free basis) in the Cretaceous–Pa-
leogene boundary clays at Højerup (Fish 
Clay). The samples were analyzed by ins-
trumental neutron activation (INAA). The re-
lative error in the precision of the analyses 
ranges from 5 to 10 %. The total uncertain-
ties (including accuracy errors) were up to 
20 %.8 b) The CC contributions for the de-
carbonated Fish Clay based on the Ir concen-
trations. Lowest () and highest () CC con-
tributions were calculated assuming that the 
Ir content of the carbonaceous chondrite was 
406.0 and 849.4 ppb, respectively (Table I). 
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wholly located in this fraction. This profile shows that the peak and mean con-
centrations of Ir in decarbonated BDM is about 120 and 100 ppb, respectfully. 
Using these data and assuming that all the Ir found in the Fish Clay originated 
from the CC component, it was estimated that the decarbonated BDM is derived 
from about 6–30 % CC (Fig. 3b). This estimate assumed that the Ir content of the 
carbonaceous chondrites range from 406.0 to 849.4 ppb, Table I. If 465 ppb re-
presents the average content of Ir in CI chondrites18 then the CC contribution to 
the decarbonated BDM averages about 21 %. 
A better measure of an Ir anomaly in boundary clay is the integrated Ir flu-
ence. This fluence for the carbonate-free BDM (assuming a density of 2 g cm–3) 
was estimated at about 600 ng cm–2 after integration in the interval from 0.5 to 
4.0 cm. For comparison, an estimate of the Ir fluency for the global impact de-
posit for the KPB is about 40–55 ng cm–2.19 This value corresponds approxima-
tely to about 700 to 1500 mg cm–2 CC, based respectively on 406.0 to 849.4 ppb 
Ir in carbonaceous chondrites (Table I). These estimates correspond to about 14– 
–30 % CC in the decarbonated BDM; for an average Ir content of 465 ppb in CI 
chondrite, the contribution is about 26 %. Such a significant proportion of CC, 
however, is not supported by any mineralogical evidence. Indeed, if initially the 
precursor material of BDM contained a high percentage of impact-derived ejecta 
fallout, then diagenetic alteration would have left a residue with high concentra-
tions of the impact-derived markers. To the best of our knowledge, the BDM 
contains no altered meteoritic fragments20 and only about 0–6 shocked quartz 
grains per gram.21 On the other hand, similar calculation based on Ir fluency in-
dicates that the underlying reddish layer (with 15. 2 ppb of Ir, Fig. 3a) contains as 
low as about 3.3 % of CC material. In sharp contrast, this layer is abundant with 
well-preserved, impact-related goethite-rich microspherules10,22 and with nano- 
-size goethite grains,20,23 interpreted as altered meteorite fragments.20 About 29– 
–33 shocked quartz grains per gram were also identified in this layer.21 Of note, 
the total iridium flux of the carbonate-free Fish Clay is about 615 ng cm–2, which 
corresponds to about 27 % CC for an average Ir content in the CI chondrite of 
465 ppb. 
The present estimation (judging from the Ir concentrations and fluence) may 
substantially underestimate the actual CC contribution to the decarbonated BDM. 
There are two reasons for this. The anomalous amounts of Ir in the decarbonated 
Fish Clay display a gradual decrease from the BDM upwards but this metal is 
still relatively elevated (<5 ppb) in the light-gray marl (Fig. 3a). These strati-
graphically extended enrichments of Ir may be explained by redox-controlled re-
mobilization.24 In addition, according to Peucker-Ehrenbrink and Hanningan,25 
between about 40 and 80 % of the initial Ir budget could have been lost due to 
surficial weathering of black shales (such as BDM) within roughly 13,000 years. 
Thus, because of the assumed remobilization and/or weathering loss of Ir, the 
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original proportion of CC in the carbonate-free part of the BDM could actually 
be even considerably higher than presented above. A more detailed discussion of 
this issue is beyond the scope of this paper. 
The CC matter (and associated Ir) could have been deposited in the Fish 
Clay by the direct airborne ejecta fallout settling through the seawater column or 
transport from the nearby marine or continental site to the Fish Clay bed. Kyte et 
al.14 reasoned that Ir (and other siderophiles) in the basal 1-cm-thick part of the 
BDM is only representative of primary Ir derived from the initial ejecta fallout 
deposited during a short time (a few days, months or years) after the impact. Ac-
cording to these researchers, Ir above this layer is probably secondary in origin 
and transported from the original nearby site, which increased the primary Ir 
values. Wolbach et al.26 proposed that secondary Ir is ejecta material eroded 
from marine elevated sites to topographic lows already containing some primary 
fallout. Premović13 has suggested that Ir in the Fish Clay was probably fluvially 
transported from the soil on the adjacent land and redeposited in a shallow ma-
rine basin at Højerup. This author argued that a predominant part of the Ir in the 
BDM ultimately came from CC material associated with ejecta fallout covering 
the nearby coastal soil. Consequently, overestimated proportions of the CC mat-
ter in the decarbonated BDM are probably due to the high Ir input from a marine 
or continental site. 
The Woodside Creek section. The KPB at Woodside Creek is represented by 
a reddish goethite-rich clay layer that is up to 1-cm thick. The boundary clay at 
Woodside Creek (BW) is underlain by Maastrichtian siliceous limestone and 
overlain by siliceous claystone,27 Fig. 4. Previous sedimentary studies showed 
that this clay (see for example)28 is not primary fallout but redeposited (a feature 
that is difficult to reconcile with the high Ir anomaly) and affected by erosion or 
non-deposition. These studies also imply that the BW was deposited in a shallow 
marine region under well-oxygenated conditions. 
Schmitz8 also reported INAA data for Ir in the carbonate-free BW (Fig. 4a). 
Of note, the Woodside Creek sections also shows an Ir “tailing effect” as does 
the Fish Clay, but it is less pronounced, Fig. 4a. 
Figure 4a shows that the peak concentration of Ir in the decarbonated BW is 
460 ppb, which is one of the highest measured to date for any KPB interval. 
Using this data and assuming that all the Ir found in this boundary section origin-
nated from the CC component, it was estimated that the decarbonated BW is de-
rived from about 60 % up to bizarre 115 % CC (Fig. 4b). If 465 ppb represents an 
average content of Ir in CI chondrites18 then the CC contribution to the decarbo-
nated BW averages about >100 %. 
The integrated Ir fluence for the carbonate-free red layer of the BW (assum-
ing a density of 2 g cm–3) was estimated at about 600 ng cm–2, after integration 
in the interval from 0 to 1 cm, which is (fortuitously?) identical to that estimated 
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for the BDM. This value corresponds, as for the BDM case, to approximately 700 
to 1500 mg cm–2 CC based on 406.0 to 849.4 ppb Ir in carbonaceous chondrites 
(Table I). These estimates correspond to about 35–75 % CC in the decarbonated 
BW. For an average Ir content of 465 ppb, the CI chondrite contribution to this 
decarbonated section is 65 % CC. 
Fig. 4. a) The Ir concentration profile (on a 
carbonate-free basis) across the Cretaceous– 
–Paleogene boundary section at Woodside 
Creek. The samples were analyzed by instru-
mental neutron activation (INAA). The rela-
tive error in the precision of the analyses 
ranges from 5 to 10 %. The total uncertain-
ties (including accuracy errors) were up to 
20 %.8 b) The CC contributions for the de-
carbonated boundary section at Woodside 
Creek based on the Ir concentrations. Lowest 
() and highest () CC contributions are 
calculated assuming that the Ir content of the 
carbonaceous chondrite was 406.0 and 849.4 
ppb, respectively (Table I). 
As in the case of BDM, a high percentage of the impact-derived ejecta fall-
out would have left a residue after diagenesis with high concentrations of the 
impact-derived indicators in the BW. To the best of our knowledge, this thin 
reddish layer contains numerous (possibly?) impact-derived goethitic microsphe-
rules and about 2–8 shocked quartz grains per gram were identified in this layer.21 
In analogy to the Fish Clay, it is assumed that the Ir in the BW probably 
originated from a carbonaceous chondritic component of ejecta fallout deposited 
on nearby adjacent land or marine area.  
Assuming that 50 % represents the CC fraction in ejecta fallout (with an ave-
rage density of about 2 g cm–3), then about 0.7–1.5 g of the ejecta fallout would 
have sourced almost all the integrated amount (ca. 600 ng cm–2) of Ir in the de-
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carbonated BDM and BW. This corresponds to an approximately 0.35 – 0.75 cm 
thick ejecta deposit. 
In summary, the Ir content of marine boundary clays may be influenced by 
various sedimentary and geochemical factors (e.g., erosion, redeposition, geoche-
mical remobilization and weathering). The extent to which these factors operate 
is dependent on the particular sedimentary site and the immediate seafloor en-
vironment. Consequently, Ir may have been concentrated or diluted in the boun-
dary clay during sedimentation and diagenesis, and thereafter. This makes ambi-
guous any attempt to assess the contribution of the impactor Ir to the Ir enrich-
ment of boundary clay or to use global fluence of Ir to calculate the chondritic 
impactor size. The same ambiguity goes for other PGE. In addition, in order to 
identify chondritic elements in the boundary clay, researchers usually present 
their trace element data after normalizing first to Ir and then to CI chondrites. It is 
clear from the above considerations that this method is also rather ambiguous. 
CONCLUSION 
Estimates based on the integrated Ir amount show that the decarbonated Ir-
rich KPB layers at Højerup and Woodside Creek appear to contain respectfully as 
much as 26 and 65 % of the CC matter for the average Ir content of 465 ppb CI 
chondrite. These percentages are most probably an overestimation due to the high 
Ir input from nearby marine or continental sites, which presumably increased the 
primary Ir values in these clays. 
ИЗВОД 
АНОМАЛНЕ КОНЦЕНТРАЦИЈЕ ИРИДИЈУМА У КРЕДА–ПАЛЕОГЕН ГРАНИЧНИМ 
СЛОЈЕВИМА СА ЛОКАЛИТЕТА HØJERUP (STEVNS KLINT, ДАНСКА) И WOODSIDE 
CREEK (НОВИ ЗЕЛАНД): ПИТАЊЕ ПОРЕКЛА ВИСОКОГ УДЕЛА 
ХОНДРИТСКЕ КОМПОНЕНТЕ 
ПАВЛЕ И. ПРЕМОВИЋ
1, БУДИМИР С. ИЛИЋ
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Креда–палеоген граничне глине са локалитета Højerup и Woodside Creek показују зна-
чајно обогаћење иридијумом у поређењу са морским седиментима. Прорачун, заснован на 
интегрисаном приливу иридијума по cm2, показује да је удео угљеничног хондрита у некар-
бонатним фракцијама њихових иридујумом богатим слојевима 26 (Højerup) и 65 % (Wood-
side Creek) за просечан садржај иридијума од 465 ppb у CI хондриту. Разлог за ове високе 
уделе је, вероватно, значајан унос иридијума са околних морских и копнених лежишта у на-
ведене глине. 
(Примљено 4. априла, ревидирано 8. августа 2011) 
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